Three gene sets encode ␣ and ␤ subunits of the phycobiliprotein phycocyanin (PC) in the filamentous cyanobacterium Fremyella diplosiphon. The cpcB1A1 set (encodes PC 1 ) is constitutively expressed, whereas the cpcB2A2 set (encodes PC 2 ) is expressed only in red light and the cpcB3A3 set (encodes PC 3 ) is expressed only during sulfurlimited growth. Primary pigment mutant strain FdBM1 is characterized by elevated levels of PC. DNA hybridization analysis showed that like many pigment mutants in our strain collection, strain FdBM1 harbors an extra genomic copy of endogenous transposon Tn5469. By direct cloning from FdBM1 genomic DNA, the extra copy of Tn5469 was localized to an open reading frame, which we have designated the rpbA gene. Complementation experiments correlated rpbA activity to the phenotype of strain FdBM1. The predicted RpbA protein contains two regions resembling the characterized helix-turn-helix motif which is involved in DNA recognition by many bacterial and phage transcription regulator proteins. RNA hybridization analysis showed that relative to the parental strain Fd33, the level of transcripts from cpcB1A1, but not cpcB2A2 or cpcB3A3, was significantly elevated in strain FdBM1. Introduction of the intact rpbA gene into strain FdBM1 restored the cpcB1A1 transcript level to that of strain Fd33. These results suggest that the rpbA gene product functions in controlling constitutive transcription from the cpcB1A1 gene set, possibly as a DNA-binding transcriptional repressor element.
Cyanobacteria harvest light energy for photosynthesis with macromolecular antenna complexes, termed phycobilisomes (for reviews, see references 16 and 36) . These complexes absorb visible light in the range of 500 to 680 nm and efficiently transfer the captured energy to the reaction centers of the photosynthetic apparatus. Phycobilisomes consist of two structural domains: a core which peripherally attaches to the photosynthetic membrane and a series of rods that radiate from the core. Both domains are composed of chromophoric phycobiliproteins and nonchromophoric linker polypeptides. The major phycobiliproteins in a number of cyanobacteria are the blue-green-pigmented allophycocyanin (AP), the blue-pigmented phycocyanin (PC), and the red-pigmented phycoerythrin (PE), each consisting of an ␣ and a ␤ subunit. AP is localized to the core domain in the form of stacked trimeric disks, whereas PC and PE are localized to the rods in the form of stacked hexameric (dimeric trimer) disks. The linker polypeptides specifically associate with each phycobiliprotein to maintain phycobilisome structure and facilitate efficient energy transfer within the complex and to the photosynthetic apparatus.
The filamentous cyanobacterium Fremyella diplosiphon UTEX 481 is one of several strains that respond to changes in spectral light quality by altering the phycobiliprotein composition of the phycobilisome (5, 15, 37) . This cellular acclimation, termed complementary chromatic adaptation, provides for optimal harvesting of the available light by modulating the pigment composition of the phycobilisome rods. In F. diplosiphon, complementary chromatic adaptation is regulated by green and red wavelengths. Green light promotes the synthesis of rods composed of three distal hexamers of PE linked to the core by an invariant hexamer containing a constitutive form of PC (designated PC 1 ). Conversely, red light promotes the synthesis of rods composed of two distal hexamers containing an inducible form of PC (designated PC 2 ) linked to the core by the invariant PC 1 hexamer. Consequently, cells grown in green light are pigmented red, whereas cells grown in red light are pigmented blue-green. The change in rod phycobiliprotein composition is mediated primarily through differential expression of gene sets encoding the PE and PC 2 apoproteins along with their associate linker polypeptides (15) and provides the cells an adaptive advantage since PE efficiently absorbs green light and PC 2 efficiently absorbs red light.
F. diplosiphon is characterized by three gene sets (cpcB1A1, cpcB2A2, and cpcB3A3) encoding ␣ PC and ␤ PC apoproteins. The cpcB1A1 gene set (encodes PC 1 ) is constitutively expressed at low levels under all growth conditions that support phycobilisome biosynthesis; PC 1 and its associate linker polypeptides comprise the invariant core-proximal phycobiliprotein hexamer of each rod, which is required for phycobilisome function. The cpcB2A2 gene set (encodes PC 2 ) functions in complementary chromatic adaptation and is expressed under red illumination. Both cpcB1A1 and cpcB2A2 reside in coordinately expressed clusters of related phycobilisome structural genes which are linked on the F. diplosiphon genome (16) . The ␣ PC and ␤ PC apoproteins encoded by cpcB1A1 and cpcB2A2 share greater than 80% sequence identity (11, 27) , with the greatest differences localized to the surface-exposed residues of ␤ PC (13) . These residues are primarily involved in stacking interactions between hexamers and may account for the specific localization of PC 1 and PC 2 within the rod. Whether PC 1 and PC 2 can form mixed trimers is unknown. The cpcB3A3 gene set (encodes PC 3 ) is expressed only when cells are cultured in a medium lacking sulfur (28) . With the exception of the cysteine residues required for pigment attachment, the ␣ PC and ␤ PC apoproteins encoded by cpcB3A3 lack sulfur-containing amino acids, which may provide the cells an adaptive advantage during growth under sulfur-limiting conditions. In contrast to the PC apoproteins, only a single gene set (cpeBA) encodes the ␣ PE and ␤ PE apoproteins; this set is expressed under green illumination. Similarly, a single constitutive gene set (apcB1A1) gives rise to the ␣ AP and ␤ AP apoproteins that constitute AP.
The isolation and characterization of phycobilisome regulatory mutants have provided a system for examining the signaling mechanism involved in complementary chromatic adaptation. Several classes of regulatory mutants exhibiting blue (FdB), green (FdG), red (FdR), and black (FdBk) pigmentation have been characterized (6, 16, 23, 24) . These mutants arise spontaneously at low frequency during plate culture or at higher frequency in response to exposure of cells to mutagenic agents. The altered pigmentation of the mutants reflects aberrant synthesis of PC 2 and/or PE in red and green light and directly correlates with respective transcript abundance. FdB mutants exhibit constitutive expression of PC 2 and normal expression of PE, resulting in cells that are more blue-pigmented than the wild type. FdR mutants constitutively express PE and do not express PC 2 ; these mutants are indifferent to red light and are pigmented red. FdG mutants exhibit normal expression of PC 2 and do not express PE, resulting in bluegreen-pigmented cells. Finally, FdBk mutants exhibit constitutive expression of both PC 2 and PE, producing black-pigmented cells.
Complementation studies with the regulatory mutants have revealed several molecular components of a phosphorelay signaling mechanism involved in complementary chromatic adaptation. Some FdR mutants are complemented by the rcaC gene (8) , which encodes a novel form of response regulator associated with a two-component regulatory system. Most response regulators possess a single receiver domain containing an aspartate residue that becomes phosphorylated by the associate sensor histidine kinase (30) . The RcaC protein contains two receiver domains: one at the amino terminus and another at the carboxyl terminus (34) . Phosphorylation of the aminoterminal aspartate residue has been implicated in RcaC function during complementary chromatic adaptation (24, 25) . Other FdR mutants are complemented by the rcaF gene, which encodes a response regulator similar to CheY in Escherichia coli (24) . Some FdBk (23) and FdR (24) mutants are complemented by the rcaE gene, which encodes a complex signaling protein. The amino terminus of RcaE resembles the chromophore attachment domain of phytochrome photoreceptors and plant ethylene receptors, and the carboxyl terminus of the protein resembles a sensor histidine kinase (23) . The RcaC, RcaE, and RcaF proteins are related to characterized elements of prokaryotic and eukaryotic environmental signaling mechanisms and have been proposed to function in a complex linear phosphorelay pathway (24) .
We have developed a system for identifying new regulatory genes involved in complementary chromatic adaptation in F. diplosiphon. This system is based on transposition of endogenous transposon Tn5469, which has been implicated as the mutagenic agent responsible for several pigment mutants (20, 21) . By screening for transposition of Tn5469, we have identified a number of pigment mutants characterized by an extra genomic copy of the transposon (19) . One such mutant, designated FdBM1, exhibits elevated and constitutive synthesis of PC, giving rise to blue-green-pigmented cells in any illumination. Here, we report that the phenotype of strain FdBM1 is due to inactivation of the rpbA gene by Tn5469. The rpbA gene predicts a protein that shares structural similarities with characterized bacterial and phage DNA-binding repressor proteins. RNA hybridization analysis of phycobiliprotein gene expression in strain FdBM1 suggests that RpbA functions in controlling constitutive transcription from the cpcB1A1 gene set which encodes PC 1 .
MATERIALS AND METHODS
Strains and growth conditions. The strains and plasmids used in this study are listed in Table 1 . Strain Fd33 (referred to as strain SF33 in reference 10) is a short filament mutant of and exhibits the same complementary chromatic adaptation as F. diplosiphon UTEX 481 (also referred to as Calothrix sp. strain PCC 7601) (10) . Mutant strain FdBM1, designated here as a primary pigment mutant, was isolated from a plate culture of strain Fd33. Cyanobacteria were grown in liquid or on solid BG-11 medium (2) as previously described (6, 9) . Transformants were maintained on BG-11 medium supplemented with 25 g of kanamycin ⅐ ml
Ϫ1
. To assay complementary chromatic adaptation, cells were cultured in 50 ml of BG-11 at 15 mol ⅐ m Ϫ2 ⅐ s Ϫ1 of either red (white light filtered through Acrylite 210-0, maximal transmission at 635 nm, no transmission below 585 nm) or green (white light filtered through Acrylite 545-2, maximal transmission at 540 nm, no transmission below 480 nm or above 600 nm) illumination. Cells maintained on solid medium received similar intensities of white (General Electric no. F20T12/CW), red-enriched (Sylvania no. F20T12/R), or green-enriched (Sylvania no. F20T12/G) illumination. For RNA isolation, cells were cultured in 500 ml of BG-11 at 50 to 100 mol ⅐ m Ϫ2 ⅐ s Ϫ1 of the same white, red, or green illumination.
E. coli DH5␣ and DH5␣MCR were purchased from Bethesda Research Laboratories (Gaithersburg, Md.). E. coli DH5␣ was used as the host for most plasmids, whereas E. coli DH5␣MCR was employed as the host for direct cloning of cyanobacterial genomic DNA. E. coli strains were propagated in liquid or on solid Luria-Bertani medium with antibiotics at standard concentrations (32) .
DNA methods. DNA restriction endonucleases and modifying enzymes were purchased from Promega (Madison, Wis.). [␣-
32 P]dCTP was purchased from Amersham (Arlington Heights, Ill.). DNA manipulations including restriction digests, agarose gel electrophoresis, ligations, PCR amplification (AmpliTaq polymerase; Perkin-Elmer, Emeryville, Calif.), transformation of E. coli, and plasmid minipreparations were performed by established procedures (4, 32) . Double-stranded DNA sequencing templates were prepared with a kit from Promega. Cyanobacterial genomic DNA was extracted as described previously (21) . For DNA hybridization analysis, digested genomic DNA was transferred to a charged nylon membrane (Magnagraph; Micron Separations, Westboro, Mass.) by the procedure of Reed and Mann (31) . DNA probes for Tn5469 (3.8-kbp EcoRI-XbaI fragment from pUMC227) and rpbA (4.1-kbp XbaI-SpeI fragment from pUMC397) were generated from gel-purified DNA fragments by random-primer labeling with a kit from Promega. Hybridizations and washings were performed at 62°C as described by Sambrook et al. (32) . To construct a source for generating an apcB1A1 DNA probe (see below), the 980-bp region of Fd33 genomic DNA containing apcB1A1 sequences was amplified by PCR with the following primers to produce flanking EcoRI sites: apcA1-F1, 5Ј-GGAATT CCGTGAATGCTGATGCAGAAGCC-3Ј; and apcB1-R1, 5Ј-GGAATTCCCA TTTCTTTACCAGCGTCAG-3Ј. The PCR product was digested with EcoRI and ligated into the EcoRI site of pGEM3zf(ϩ), generating plasmid pUMC421.
RNA methods. Total RNA was extracted from 500-ml cultures as described by Schaefer and Golden (35) . For RNA hybridization analysis, RNA samples were denatured, separated by electrophoresis on a 1.2% agarose gel, and transferred to a charged nylon membrane (Magnagraph; Micron Separations) as described by Ausubel et al. (4) . DNA probes for cpcB1A1 (0.98-kbp HindIII fragment from pPC4.1), cpcB2A2 (0.84-kbp ClaI-XbaI fragment from pPC3.7), cpcB3A3 (0.48-kbp XbaI-PstI fragment from pPM68), cpeBA (0.74-kbp StyI fragment from pFdPE), and apcB1A1 (0.98-kbp EcoRI fragment from pUMC421) were generated from gel-purified DNA fragments by random-primer labeling with a kit from Promega. Hybridizations and washings were performed at 42°C as described by Ausubel et al. (4) . To quantitate relative transcript levels, the RNA hybridization autoradiographs were subjected to scanning densitometry using the National Institutes of Health Image software package.
Spectral analysis of cellular phycobiliproteins. For each strain examined, six 1.5-ml samples were collected from an exponentially growing culture and the cells were harvested by centrifugation at 13,000 ϫ g for 5 min. Three of the cell pellets were assayed for chlorophyll content by the method of Tandeau de Marsac and Houmard (38) . The remaining three pellets were assayed for phycobiliprotein composition by the method described by Kahn et al. (20) . Absorption spectra for this assay were obtained with an HP 8452A spectrophotometer (Hewlett Packard, Palo Alto, Calif.) and normalized to equal chlorophyll concentrations (8.0 g ⅐ ml
). Phycobiliprotein concentrations were calculated according to the method of Tandeau de Marsac and Houmard (38) .
Cloning of rpbA::Tn5469 from pigment mutant strain FdBM1. Total DNA from mutant strain FdBM1 was digested with ClaI, and the digestion products were size fractionated by sucrose gradient centrifugation and purified as described by Ausubel et al. (4) . DNA fragments in the 12-to 14-kbp size range were ligated into ClaI-digested pGEM7zf(ϩ), and the ligation products were used to transform E. coli DH5␣MCR. Approximately 500 transformants were screened for plasmids containing Tn5469 sequences by hybridization against a corresponding probe (3.8-kbp EcoRI-XbaI fragment from pUC227) by using a colonyscreening method (32) . Three plasmids that hybridized to the Tn5469 probe contained the predicted 12.5-kbp insert, and one, designated pUMC356, was chosen for further analysis.
Cloning of wild-type rpbA locus. A recombinant library of Fd33 genomic DNA was constructed in EMBL3 with a kit purchased from Promega. To isolate a clone containing the rpbA locus, the genomic library was screened by plaque hybridization (32) against two probes (adjacent 2.8-and 4.5-kbp SpeI fragments from pUMC320) corresponding to sequences downstream of Tn5469 on the 12.5-kbp pUMC320 insert. Genomic clone UMC007, which hybridized to both probes, was the source for subsequent subcloning of the intact rpbA gene.
Complementation analysis. Clone UMC007 carries a 13-kbp fragment of Fd33 genomic DNA containing the rpbA gene. For the complementation experiments, a 4.1-kbp XbaI-SpeI DNA fragment was excised from UMC007 and sequentially subcloned into two cloning vectors to generate flanking BamHI sites. The resulting plasmid, designated pUMC397, provided for ligation of the 4.1-kbp DNA fragment into the unique BamHI site on shuttle vector pPL2.7, generating plasmid pUMC385. An inactive form of rpbA was constructed by inserting a 14-bp amber codon linker (Stratagene, La Jolla, Calif.) into the unique EcoRV site in the rpbA coding region in plasmid pUMC397. Proper insertion of the linker into rpbA was confirmed by restriction mapping and sequence analysis. The 4.1-kbp fragment containing the inactivated rpbA gene was subcloned into the BamHI site on shuttle vector pPL2.7, resulting in complementation control plasmid pUMC400. To verify complementation by rpbA, the 886-bp region of Fd33 genomic DNA containing the rpbA gene was amplified by PCR with the following primers to produce flanking BamHI sites: rpbA-PCRF1, 5Ј-CGGGAT CCCGGTCAATCCTGCTCTAATTCG-3Ј; and rpbA-PCRR1, 5Ј-CGGGATCC CGTTCGTGTAGGGAATAAGCAATAGTGAC-3Ј. The PCR product was digested with BamHI and ligated into the BamHI site of shuttle vector pPL2.7, generating plasmid pUMC417. Plasmids pUMC385, pUMC400, and pUMC417 were introduced into cells of strains FdBM1 and FdR1E15 by electroporation, and transformants were isolated as described by Chiang et al. (9) .
DNA and protein sequence analysis. Double-stranded DNA sequencing of the pUMC397 insert was performed with a model 377 Automated DNA Sequencer (Applied Biosystems, Foster City, Calif.). Sequencing reactions were primed with M13 universal primers or with custom oligonucleotides synthesized by Life Technologies (Grand Island, New York). DNA and protein sequences were analyzed and compared with sequences in the GenBank and Cyanobase (22) databases by using the BLAST (3) or MacVector (Oxford Molecular, Campbell, Calif.) sequence analysis program.
Nucleotide sequence accession number. The complete DNA sequence of rpbA has been deposited in the GenBank database under accession no. AF01147.
RESULTS
Isolation of pigment mutant strain FdBM1. Mutant strain FdBM1 was isolated on solid medium as a blue-pigmented sector within an established lawn of red-pigmented Fd33 filaments cultured in white light. DNA hybridization analysis showed that like many pigment mutants in our strain collection, strain FdBM1 harbors an extra genomic copy of transposon Tn5469. Whereas cells of strain Fd33 harbor five genomic copies of Tn5469 (21), cells of primary pigment mutants such as strain FdBM1 harbor six genomic copies of the element (19) , suggesting that transposition of the element was responsible for the new pigmentation phenotype. The blue pigmentation of strain FdBM1 suggested a lesion in a gene involved in the regulation of PC synthesis. In order to correlate transposition of Tn5469 with the elevated PC phenotype, thus providing for identification of the affected gene, strain FdBM1 was analyzed in detail.
Cellular phycobiliprotein composition. Cellular phycobiliprotein levels were determined for extracts from strains Fd33 and FdBM1 cultured in green or red light. The phycobiliprotein concentrations (normalized to equal chlorophyll) and ratios for the analyzed strains are presented in Table 2 . In the standard green-red light photoassay, the parental strain Fd33 exhibited the characteristic complementary chromatic adaptation response: in green light, cells accumulated a high level of PE and a low level of PC, whereas in red light, cells accumulated a high level of PC and a low level of PE. The ratios of PC to PE in the green and red light cultures differed by a factor of 16.7. The analysis of extracts from strain FdBM1 revealed high levels of PC in both green and red light. In comparison to strain Fd33, the level of PC in strain FdBM1 was increased by a factor of 3.9 in green light. In red light, the level of PC in the (Fig. 1A, lane 1) . In comparison, strain FdBM1 harbors an additional genomic copy of Tn5469 which is detected as a 12.5-kbp ClaI fragment with the Tn5469 probe (Fig. 1A, lane  2) . To examine whether this transposition event was responsible for the pigmentation phenotype of strain FdBM1, the region of the genome containing the new copy of the transposon and flanking sequences was directly cloned from the mutant. Plasmid pUMC356 carries the 12.5-kbp ClaI fragment of genomic DNA corresponding to the region invaded by the sixth copy of Tn5469 in strain FdBM1. Analysis of the sequences flanking Tn5469 on the pUMC356 insert revealed an otherwise intact open reading frame (ORF), which we have designated rpbA (regulator of phycobilisome biosynthesis gene A). A genomic clone containing the intact rpbA gene was isolated from a wild-type genomic library constructed in EMBL3. Clone UMC007 contains a 13-kbp genomic fragment corresponding to the rpbA locus of strain Fd33, which was used for generation of a physical map (Fig. 2) and subsequent genetic and sequencing experiments.
Transposition of Tn5469 into the rpbA gene in strain FdBM1 was also examined by DNA hybridization analysis. For this analysis, a blot identical to that shown in Fig. 1A was hybridized with a probe for rpbA. A comparison of the Tn5469 and rpbA hybridization profiles showed that the 12.5-kbp ClaI fragment detected with the Tn5469 probe (Fig. 1A, lane 2) represents the invaded rpbA locus for strain FdBM1. In strain Fd33, the rpbA probe detected two fragments (Fig. 1B, lane 1) : a 13.5-kbp upstream fragment terminating at the ClaI site located 1.2 kbp upstream of rpbA (Fig. 2) and a 7.6-kbp downstream fragment originating at the same site. However, in strain FdBM1 the 7.6-kbp ClaI fragment is increased to a 12.5-kbp fragment (Fig. 1B, lane 2) due to insertion of the 4.9-kbp Tn5469. This 12.5-kbp ClaI fragment corresponds to the 12.5-kbp pUMC356 insert cloned from the genome of strain FdBM1. The precise location of Tn5469 insertion in the rpbA gene of strain FdBM1 is shown in Fig. 2 .
Complementation of mutant strain FdBM1. For this study, three different rpbA constructs were introduced into cells of strain FdBM1 and assayed for their abilities to complement the mutant strain. Plasmid pUMC385, which carries the intact rpbA gene on the 4.1-kbp XbaI-SpeI fragment subcloned from genomic clone UMC007 (Fig. 2) , was capable of restoring the wild-type phenotype to strain FdBM1. To characterize the complementation event, the phycobiliprotein composition of strain FdBM1/pUMC385 was assayed for cells cultured in green and red light. This analysis showed that in comparison to strain FdBM1, the level of PC in the FdBM1/pUMC385 transformant was reduced by factors of 5.4 and 1.7 in green and red light, respectively (Table 2 ). Accordingly, the PC level of strain FdBM1/pUMC385 was consistent with that determined for strain Fd33 in the assay. The levels of PE and AP measured for strain FdBM1/pUMC385 were also similar to corresponding levels determined for strain Fd33. A comparison of the phycobiliprotein ratios for strains Fd33 and FdBM1/pUMC385 showed that plasmid pUMC385 essentially restored wild-type pigmentation to the mutant strain. A direct role for rpbA in the FdBM1 phenotype was confirmed by two complementation experiments. Plasmid pUMC400 is identical to complementing plasmid pUMC385 with the exception of an amber codon inserted in-frame into the rpbA coding region at the unique EcoRV site within the gene (Fig. 2) . Introduction of pUMC400 into FdBM1 cells produced FdBM1/pUMC400 transformants which were phenotypically indistinguishable from strain FdBM1. Plasmid pUMC417 harbors an 886-bp fragment containing the intact rpbA gene which was amplified by PCR from Fd33 genomic DNA. Introduction of pUMC417 into strain FdBM1 yielded complemented transformants which were phenotypically indistinguishable from complemented strain FdBM1/pUMC385. Collectively, these complementation data correlate rpbA activity with the FdBM1 phenotype.
Sequence analysis of rpbA. The rpbA coding region (nucleotide positions 200 to 616) predicts a protein of 139 amino acids (Fig. 3A) with a molecular mass of 15.74 kDa and an estimated pI of 7.16. Like many characterized cyanobacterial genes, the rpbA coding region is not preceded by an obvious ribosome-binding sequence. A BLAST search of the Cyanobase database with the predicted RpbA sequence revealed no significant matches. A similar search of the GenBank database showed that RpbA shares greatest sequence identity with two hypothetical proteins: HI0659 from Haemophilus influenzae (GenBank accession no. U32749) and o185 from E. coli (GenBank accession no. ECAE000228, cds3). An alignment of the RpbA, HI0659, and o185 protein sequences is presented in Fig. 3B . Within a 67-residue domain near the amino terminus, RpbA shares 30% sequence identity with HI0659 and 25% sequence identity with o185.
Further examination of the BLAST search results and the aligned sequences revealed that RpbA contains two regions resembling the helix-turn-helix (HTH) motif which is involved in DNA recognition by many bacterial and phage transcription regulator proteins. The conventional HTH motif consists of a 20-residue segment in which the first 7 residues form an ␣ helix (helix 1), the next 4 residues form a turn in the polypeptide, and the remaining 9 residues form a second ␣ helix (helix 2) (17). Most often, characteristic residues are found at specific positions within the motif. The determined structure for several repressor proteins has shown that helix 1 lies across the major groove of DNA while helix 2 lies within the groove and contributes important base pair contacts (17) . RpbA contains two HTH motif-like regions: one corresponds to residues 30 to 49 (designated HTH-1) and the other corresponds to residues 59 to 78 (designated HTH-2) of the protein (Fig. 3A ). An alignment of the HTH-1 and HTH-2 regions with the HTH motif for several characterized transcription regulator proteins is shown in Fig. 3C . The conventional HTH motif is not defined by a consensus sequence; however, the residues at positions 4, 8, 10, 16, and 18 are often hydrophobic, and the residues at positions 5 and 9 are usually alanine (A) and glycine (G), respectively. Of the two RpbA HTH motif-like regions, HTH-2 more closely meets these criteria. In comparison to the characterized HTH motifs, HTH-1 is unusual in that it contains proline residues at positions 11 and 13, the latter of which presumably would affect the formation of the associate helix 2 substructure. Both HI0659 and o185 also contain a HTH motif-like sequence; within the domain of sequence identity shared by RpbA and these proteins (Fig. 3B) , the HTH-1 region of RpbA aligns with the HTH motif-like sequences of HI0659 and o185. Like RpbA, the HTH motif-like sequence of HI0659 contains a proline residue at position 13.
Sequence analysis of rpbA locus. Extended DNA sequence analysis of the UMC007 insert showed that rpbA is flanked by four additional ORFs, two of which predict identifiable phycobilisome structural polypeptides (Fig. 2) . A small ORF immediately upstream of rpbA, designated ORF1, predicts a protein of 94 residues with a molecular mass of 10.3 kDa. A BLAST comparison showed that the ORF1 protein shares limited sequence identity (32% identity within a 31-residue region) with DNA topoisomerase II from Saccharomyces cerevisiae (SwissProt accession no. P06786). Located upstream of ORF1 is a second ORF, designated ORF2, which predicts a protein of 529 residues with a molecular mass of 56.9 kDa. The ORF2 polypeptide shares limited sequence identity (42% identity within a 42-residue region) with the fish antifreeze protein from Pseudopleuronectes americanus (GenBank accession no. M62415). Two ORFs were located downstream of and in the opposite orientation to rpbA. The first downstream ORF predicts a protein of 254 residues with a molecular mass of 29.4 kDa. A BLAST comparison showed that the protein predicted by the first ORF shares 74% overall sequence identity with the CpcG phycobilisome rod-core linker protein from Synechocystis sp. strain PCC 6803 (Cyanobase accession no. slr2051). On the basis of this identity, the first downstream ORF was designated cpcG1. The second downstream ORF predicts a protein of 93 residues with a molecular mass of 10.3 kDa. The BLAST analysis showed that the protein predicted by the second ORF shares 72% sequence identity with the CpcD phycobilisome rod-capping protein from Anabaena sp. strain PCC 7120 (GenBank accession no. P07124). On the basis of this identity, the second downstream ORF was designated cpcD1.
RNA hybridization analysis. To characterize the FdBM1 phenotype at the level of PC gene expression, transcription from the different phycobiliprotein gene sets was examined by RNA hybridization analysis. Total RNA isolated from cells of strains Fd33 and FdBM1 cultured in green or red light was hybridized to DNA probes for cpcB1A1, cpcB2A2, and cpcB3A3. For both strains Fd33 and FdBM1, the cpcB1A1 probe detected a single 1.5-kb transcript that was constitutively expressed in green and red light (Fig. 4A) . However, to our surprise, the level of the cpcB1A1 transcript in strain FdBM1 was elevated by a factor of 2.0 (Fig. 4A, compare lanes 1 and  2 with lanes 3 and 4) , suggesting that rpbA functions in the regulation of this constitutive gene set. In contrast to cpcB1A1, transcription from cpcB2A2 was less affected by the loss of rpbA activity. For strain Fd33, the cpcB2A2 probe detected a single 1.6-kb transcript that was induced by red light (Fig. 4B,  lanes 1 and 2) . This pattern of cpcB2A2 expression was also observed for strain FdBM1 at levels similar to those for strain Fd33. However, in comparison to strain Fd33, the degrees of red light induction and green light suppression of cpcB2A2 activity in the mutant strain appeared to be dampened (Fig.  4B, compare lanes 1 and 2 with lanes 3 and 4) . This analysis also showed that transcription from cpcB3A3 was not affected by the loss of rpbA activity. Following hybridization with the cpcB3A3 probe, no significant amount of the corresponding transcript was detected in either examined strain under any conditions of illumination (Fig. 4C) .
Transcription from the PE and AP gene sets in strain FdBM1 was also examined. For this study, the RNA isolated from the strains described above was hybridized to DNA probes for cpeBA and apcA1B1. For both strains Fd33 and FdBM1, the cpeBA probe detected a 1.5-kb transcript that was abundant only in cells cultured in green light (Fig. 4D) . In a manner similar to that observed for the cpcB2A2 transcript, the degrees of green light induction and red light suppression of transcription from cpeBA in strain FdBM1 were diminished in comparison to those for strain Fd33 (Fig. 4D, compare lanes 1  and 2 with lanes 3 and 4) . Hybridization with the apcB1A1 probe revealed two transcripts of 1.4 and 1.8 kb present in equal amounts for both strains Fd33 and FdBM1 (Fig. 4E) . For both examined strains, transcription from apcB1A1 was constitutive in green and red light.
Complementation of strain FdBM1 was also examined by RNA hybridization analysis. For this experiment, Fd33/pPL2.7 and FdBM1/pPL2.7 transformants were generated to serve as appropriate controls for complemented strain FdBM1/ pUMC417. Total RNA isolated from cells of strains Fd33/ pPL2.7, FdBM1/pPL2.7, and FdBM1/pUMC417 cultured in white light was hybridized to the probe for cpcB1A1. In comparison to the Fd33/pPL2.7 transformant, the level of the cpcB1A1 transcript in the FdBM1/pPL2.7 transformant was elevated by a factor of 2.1 (Fig. 5, compare lanes 1 and 2) ; this increase is nearly identical to that determined for the FdBM1 cells grown in green or red light (see Fig. 4A ). In contrast, the level of the cpcB1A1 transcript in complemented strain FdBM1/pUMC417 was reduced to 43% of that measured for the FdBM1/pPL2.7 transformant and was 90% of that measured for the Fd33/pPL2.7 transformant under the same conditions (Fig. 5, compare lanes 1, 2, and 3) . Thus, the cpcB1A1 transcript pool in complemented strain FdBM1/pUMC417 was essentially restored to the wild-type level. Because complementation was achieved in trans, the 10% decrease in cpcB1A1 transcripts in strain FdBM1/pUMC417, relative to that for the Fd33/pPL2.7 transformant, may reflect elevated expression of rpbA on the multiple copies of complementing plasmid pUMC417.
DISCUSSION
Transposition of endogenous transposon Tn5469 plays an important role in the generation of F. diplosiphon pigment mutants. This was first established for primary mutant strain FdR1, which is pigmented red in any illumination due to in- Bruns et al. (6) defined the FdB class of phycobilisome regulatory mutants. Cells of FdB1 exhibit a complex pigmentation phenotype: in the green-red photoassay, the synthesis of PE is regulated normally, whereas the synthesis of PC 2 is constitutive. In addition, the constitutive synthesis of AP in strain FdB1 is elevated by a factor of 3.0, suggesting that this mutant synthesizes three times as many phycobilisomes per cell which contain fewer or shorter rods. The constitutive synthesis of PC 2 in strain FdB1 reflects the constitutive accumulation of the transcript encoding the PC 2 subunits and associate linker polypeptides. On the basis that transcription from cpcB2A2 might be controlled by a repressor element (29) , it was hypothesized that a lesion affecting the activity of the putative cpcB2A2-specific repressor was responsible for the FdB1 phenotype (6, 16) . Recently, Casey et al. (7) reported that the phenotype of some FdB mutants can be suppressed by exposing cells to an increased intensity of green light; however, the molecular basis of this effect remains to be determined. This molecular characterization of blue mutant strain FdBM1 defines a new class of phycobilisome regulatory mutant. The aberrant blue-green pigmentation of mutant strain FdB1 in green light reflects an inability to suppress transcription from cpcB2A2 in that light environment. Accordingly, the constitutive expression of cpcB2A2 in strain FdB1 provides a level of PC 2 that would normally be present in wild-type cells cultured in red light. In contrast, the aberrant blue-green pigmentation of mutant strain FdBM1 correlates with a twofold increase in the light quality-independent constitutive transcription from cpcB1A1, which encodes PC 1 , and altered light quality-dependent transcription from cpcB2A2, which encodes PC 2 . Because PC 1 and PC 2 were not distinguished spectrophotometrically, the specific contribution of these activities to the total cellular PC content of this mutant is not known. However, based on the RNA hybridization analyses, it is inferred that the elevated cpcB1A1 transcript levels are primarily responsible for the elevated PC phenotype of strain FdBM1 in green and red light. The molecular consequence of excessive PC 1 production raises several important questions about PC synthesis and assembly in F. diplosiphon. Is PC 1 strictly localized to the core-proximal rod hexamer? If so, the extra PC 1 synthesized in strain FdBM1 may not be incorporated into phycobilisomes. The slightly decreased AP content of strain FdBM1 suggests that cells of this mutant contain fewer phycobilisomes than cells of strain Fd33, which would result in an increased pool of free PC 1 . If PC 1 is not strictly localized to the core-proximal rod hexamer, more or longer rods containing PC 1 and PC 2 hexamers might be assembled in the mutant. Does PC 1 form mixed trimers with PC 2 ? This possibility would result in the formation of mixedcomposition hexamers and rods in the mutant strain. To begin to address these questions, a molecular analysis of PC levels and phycobilisome composition in the wild-type strain and mutant strain FdBM1 needs to be performed.
The complementation experiments correlated the phenotype of strain FdBM1 to the rpbA gene. Plasmids pUMC385 and pUMC417 carry the intact rpbA gene and are capable of restoring the wild-type pigmentation phenotype to the mutant. In contrast, no complementation was achieved with plasmid pUMC400, which carries a disrupted form of rpbA. The polypeptide predicted by rpbA shares a domain of significant sequence identity with two protein sequences deposited in the GenBank database: HI0659 from H. influenzae and o185 from E. coli. Very little information is available about either of these hypothetical proteins. An early entry in The Institute for Genomic Research (TIGR) H. influenzae database described the HI0659 protein as a putative transcriptional regulator; this was based on a BLAST comparison showing sequence identity between HI0659 and the RdgA repressor from the plant pathogen Erwinia carotova (26) . However, the current TIGR database describes HI0659 only as a hypothetical protein. The o185 protein is described in the GenBank database as being similar to the immunity repressor protein of Bacillus subtilis phage 105 (12, 39) . The two features common to all of these proteins are the presence of a putative HTH motif (see below) and various degrees of sequence identity with characterized transcriptional repressor proteins. It is inferred from these observations that RpbA functions as a transcriptional regulator involved in the control of phycobilisome biosynthesis.
The predicted RpbA protein contains two regions that resemble the HTH motif of several characterized bacterial and phage transcriptional repressor proteins. Structural studies have shown that the HTH motif functions in the preferential binding of a repressor to a specific site on the DNA molecule, often located adjacent to the promoter region for a regulated gene or operon (17) . Many repressors of this class form dimers and bind to inverted-repeated DNA sequences. In the protein-DNA interaction, helix 2 of the motif lies in the major groove of the double helix while helix 1 lies crosswise across the major groove. Thus, helix 2 functions in the recognition of the cognate binding sequence; the residues in helix 2 contact and form hydrogen bonds with specific bases in the DNA. The aminoterminal HTH motif-like region (HTH-1) on RpbA is unusual in that it contains proline residues at positions 11 and 13 corresponding to the conventional motif. It could be argued that the proline at position 11 would not significantly affect an HTH structure, since this position corresponds to the putative turn region of the motif. However, the proline at position 13 would likely disrupt the formation of helix 2 immediately adjacent to the turn region. It may be that the HTH-1 turn region is extended past position 13 or that the corresponding helix 2 is located at a distal site on the polypeptide. In contrast to HTH-1, the central HTH motif-like region (HTH-2) on RpbA more closely resembles the conventional HTH motif. The presence of at least one putative HTH motif would suggest that RpbA is a DNA-binding protein. The presence of two putative HTH motifs on RpbA is very intriguing and suggests that RpbA may be capable of binding two different cognate DNA sequences.
The precise role of RpbA in the regulation of phycobilisome biosynthesis remains to be determined. The predicted repressor-like features of RpbA coupled with the measured increase in transcripts from cpcB1A1 in mutant strain FdBM1 suggest that RpbA functions in the regulation of transcription from cpcB1A1. If correct, the elevated cpcB1A1 transcript pool in strain FdBM1 would directly reflect a derepression of tran-scription from cpcB1A1 in the absence of an intact rpbA gene. The suppression of the cpcB1A1 transcript pool in complemented strain FdBM1/pUMC417 supports this possibility. Such a model for RpbA function would include specific binding of the protein to one or more sequences in the vicinity of the cpcB1A1 promoter. In an earlier report, Mazel et al. (27) characterized the cpcB1A1 promoter region. That analysis did not reveal obvious inverted-repeated or operator-like sequences upstream of the determined cpcB1A1 transcription start site. However, the sequences immediately downstream of the transcription start site were predicted to form two mutually exclusive stem-loop structures, leading the authors to propose an attenuation model for regulated transcription from cpcB1A1 (27) . These observations do not rule out the possible involvement of a repressor element in the control of cpcB1A1 expression. Experiments to examine putative binding of RpbA with the cpcB1A1 promoter region are in progress.
While the increased expression of PC 1 appears to be the most significant defect in the phenotype of mutant strain FdBM1, the synthesis and accumulation of other phycobiliproteins are also affected. The RNA hybridization analysis revealed that transcription from cpcB2A2 and cpeBA in the mutant is less responsive to light quality in comparison to strain Fd33. The altered pool of cpeBA transcripts correlates with the levels of PE measured in the FdBM1 cellular extracts. It is likely that the PC 2 content of the mutant is similarly affected by the dampened transcription from cpcB2A2. The slightly reduced AP content of the mutant is not accounted for by reduced transcription from apcB1A1, indicating that posttranscriptional processes may affect AP expression, as suggested earlier by Bruns et al. (6) . The molecular basis for the altered expression of these phycobilisome components is difficult to explain. One possibility is that the altered synthesis and accumulation of PC 1 may affect the synthesis, assembly, and/or stability of another component. Another possibility is that RpbA directly or indirectly functions in the regulated expression of these phycobiliproteins.
